The retardation of actinides by sorption onto tuffs is of major importance in assessing the performance of a potential high-level nuclear waste repository at Yucca Mountain. We have studied the sorption of actinides (neptunium, uranium, and plutonium) in Yucca Mountain tuffs and pure minerals in water from Well J-13 (under oxidizing conditions) in the pH range from 7 to 8.5. Neptunium (Nitsche et al. 1993) and uranium (Wanner and Forest 1992) have a relatively high solubility (on the order of 10 Ϫ4 M) in a sodium bicarbonate groundwater (such as the J-13 well water) under oxidizing conditions. The high solubility of neptunium and uranium combined with their limited sorption (Thomas 1987) onto Yucca Mountain tuffs makes these radionuclides a high priority within the sorption studies of the Yucca Mountain Site Characterization Project (Meijer 1992). Our main objective in this study was to characterize the sorption of neptunium and uranium in Yucca Mountain 1
INTRODUCTION
The retardation of actinides by sorption onto tuffs is of major importance in assessing the performance of a potential high-level nuclear waste repository at Yucca Mountain. We have studied the sorption of actinides (neptunium, uranium, and plutonium) in Yucca Mountain tuffs and pure minerals in water from Well J-13 (under oxidizing conditions) in the pH range from 7 to 8.5. Neptunium (Nitsche et al. 1993 ) and uranium (Wanner and Forest 1992 ) have a relatively high solubility (on the order of 10 Ϫ4 M) in a sodium bicarbonate groundwater (such as the J-13 well water) under oxidizing conditions. The high solubility of neptunium and uranium combined with their limited sorption (Thomas 1987) onto Yucca Mountain tuffs makes these radionuclides a high priority within the sorption studies of the Yucca Mountain Site Characterization Project (Meijer 1992) . Our main objective in this study was to characterize the sorption of neptunium and uranium in Yucca Mountain 1
ABSTRACT
We studied the retardation of actinides (neptunium, uranium, and plutonium) by sorption as a function of radionuclide concentration in water from Well J-13 and of tuffs from Yucca Mountain. Three major tuff types were examined: devitrified, vitric, and zeolitic. To identify the sorbing minerals in the tuffs, we conducted batch sorption experiments with pure mineral separates. These experiments were performed with water from Well J-13 (a sodium bicarbonate groundwater) under oxidizing conditions in the pH range from 7 to 8.5. The results indicate that all actinides studied sorb strongly to synthetic hematite and also that Np(V) and U(VI) do not sorb appreciably to devitrified or vitric tuffs, albite, or quartz. The sorption of neptunium onto clinoptilolite-rich tuffs and pure clinoptilolite can be fitted with a sorption distribution coefficient in the concentration range from 1 ϫ 10 Ϫ7 to 3 ϫ 10 Ϫ5 M. The sorption of uranium onto clinoptilolite-rich tuffs and pure clinoptilolite is not linear in the concentration range from 8 ϫ 10
Ϫ8 to 1 ϫ 10 Ϫ4 M, and it can be fitted with nonlinear isotherm models (such as the Langmuir or the Freundlich Isotherms). The sorption of neptunium and uranium onto clinoptilolite in J-13 well water increases with decreasing pH in the range from 7 to 8.5. The sorption of plutonium (initially in the Pu(V) oxidation state) onto tuffs and pure mineral separates in J-13 well water at pH 7 is significant. Plutonium sorption decreases as a function of tuff type in the order: zeolitic > vitric > devitrified; and as a function of mineralogy in the order: hematite > clinoptilolite > albite > quartz. tuffs and J-13 water (under oxidizing conditions) as a function of radionuclide concentration.
Plutonium has been reported to sorb significantly onto Yucca Mountain tuffs in J-13 well water (Thomas 1987) . The experiments reported by Thomas were performed with a plutonium solution in which the initial oxidation state was Pu(IV). Nitsche et al. (1993) reported that the dominant oxidation state of plutonium in J-13 water in the pH range from 7 to 8.5 is Pu(V). Consequently, an additional objective of our experiments was to characterize the sorption of plutonium in J-13 water with the plutonium initially in the Pu(V) oxidation state.
EXPERIMENTAL PROCEDURES FOR SORPTION EXPERIMENTS J-13 Groundwater
We obtained the water for our experiments from Well J-13. This groundwater is predominately a sodium bicarbonate water. Other cations are calcium, potassium, and magnesium; other anions are sulfate, chloride, nitrate, and fluoride (see Fig.  1 ). The final major constituent is silica. Ogard and Kerrisk (1984) reported J-13 well water to be oxidizing; consequently, we performed all our batch sorption experiments under oxidizing conditions.
The J-13 water used in our sorption experiments was collected at the well site in Nevada, sent to 2 Figure 1. Water Chemistry of J-13 Well Water. "J-13 reference" is water analyzed at the Nevada well site (data recorded in Ogard et al. 1984) . "J-13 filtered" is water analyzed at Los Alamos, NM, after being passed through a 0.05-m filter (data recorded in binder TWS-INC-11-93-32, pages E24-E25).
Los Alamos, NM, and passed through a 0.05-m filter prior to its use in the sorption experiments. The chemistry of this water is compared in Fig. 1 to the J-13 reference data obtained on site by Ogard and Kerrisk (1984) . The pH of on-site J-13 water is ~7; the pH of J-13 water received at Los Alamos has increased to 8.5 because of CO 2 evolution as the water equilibrates with the higher-elevation atmosphere. No further changes seem to occur.
Minerals and Tuff Samples
The minerals used for the batch sorption experiments (the results of which are reported in Appendix A) were synthetic hematite, clinoptilolite, quartz, and albite. The synthetic hematite was commercially available Fe 2 O 3 from EM Science. The origins of the natural minerals are given in Table 1 .
We obtained the tuff samples used in the sorption experiments from drill holes at Yucca Mountain and labeled each sample with drill-hole number and drill depth in feet. For example, G4-268 refers to a tuff sample obtained from drill hole USW G-4 at a depth of 268 feet. Bish and Chipera (1989) have reported the location of the various drill holes.
We determined the mineralogy of the three types of tuff used in these experiments by x-ray-diffraction (XRD) analysis, and the results are shown in Fig. 2 . Details of these data were reported previously (Bish and Chipera 1989; Chipera and Bish 1989 and 1994) . The minerals used in the sorption experiments were more than 95% pure.
We determined the surface area of the tuff and minerals by BET (Brunauer, Emmett, and Teller) analysis, after crushing and wet-sieving all the tuffs, the quartz, and the albite samples to obtain particles in the size range from 75 to 500 m (details of the procedures are given in LANL-CST-DP-63, Yucca Mountain Project Detailed Procedures, Los Alamos National Laboratory). We did not sieve or crush the synthetic hematite; we crushed and then purified the clinoptilolite samples but did not sieve them. The measured surface areas are given in Fig. 3 .
The three major rock types that we used for sorption experiments were zeolitic, vitric, and devitrified. As shown in Fig. 2 , the major component of zeolitic tuff, represented by samples G4-1503, G4-1510, and G4-1529, is clinoptilolite. The major component of vitric tuff, represented by sample GU3-1405, is glass. The major component of devitrified tuff, represented by samples G4-268 and G4-272, is alkali feldspar.
Neptunium, Uranium, and Plutonium Solutions
The neptunium solutions used for the batch sorption experiments were prepared by taking an aliquot of a well-characterized 237 Np(V) acidic stock and diluting it in the groundwater being studied. Nitsche et al. (1993) Mineral percentages for the tuffs used in the sorption experiments were determined by x-ray diffraction. Each tuff, except sample GU3-1405, was wet sieved with J-13 well water to particle sizes ranging from 75 to 500 micrometers. and speciation of neptunium in J-13 water at room temperature for pH values of 7 and 8.5. These data are summarized in Table 2 .
The uranium solutions we used were prepared by taking an aliquot of an acidic natural-uranium standard (Product No. 5753 from J.T. Baker) and diluting it in J-13 groundwater. According to published data on the chemical thermodynamics of uranium (Wanner and Forest 1992) , uranium exists as U(VI) in water from Well J-13 (under oxidizing conditions).
The plutonium solutions we used were prepared by taking an aliquot of a well-characterized Pu(V) acidic stock and diluting it in water from Well J-13. Pu(V) in the concentrated acidic stock disproportionates into Pu(IV) and Pu(VI); consequently, dilution of the Pu(V) acidic stock was performed immediately after preparation of the stock solution. Nitsche et al. (1993) reported the solubility and oxidation state of plutonium in J-13 water at room temperature for pH values of 7 and 8.5. These data are summarized in Table 3 .
Batch Sorption Procedure
We performed all batch sorption experiments reported in Appendix A at room temperature using the following procedure. The solid phase was pretreated with J-13 groundwater in the ratio of 1 g of solid to 20 mL of solution and, after equilibration, was separated from the groundwater by centrifugation. The solid phase was then treated with a radionuclide solution of J-13 well water (again 1 g of solid to 20 mL of solution) and, after sorption and equilibration, was likewise separated from the solution by centrifugation. We measured both the initial amount of radionuclide in solution and the amount that remained in solution after sorption. The difference between these two values represents the amount of radionuclide that remained in the solid phase.
We performed the uranium analysis by inductively coupled plasma mass spectrometry (ICP-MS) and the analysis of 237 Np and 239 Pu with a liquid scintillation counter (Packard tri-carb 2550-TR/AB). The liquid-scintillation counting technique is capable of discriminating alpha from beta activity; consequently, no interference from 233 Pa (the daughter of 237 Np) is expected. The efficiency of our liquidscintillation counter is approximately 100%, so the counts per minute (cpm) reported in Appendix A for 237 Np and 239 Pu are approximately equivalent to disintegrations per minute.
As controls, we used container tubes without any solid phase in them to monitor radionuclide precipitation and sorption onto the container walls during the experiments. The difference between the radionuclide concentration in the initial solution 5 The batch sorption distribution coefficient, K d , for each experiment was calculated using:
where F is the moles of radionuclide per gram of solid phase and C is the moles of radionuclide per milliliter of solution.
We performed the batch sorption experiments both under atmospheric conditions and inside glove boxes with a CO 2 overpressure. Under atmospheric conditions, the pH of J-13 water is approximately 8.5. The CO 2 overpressure in the glove-box experiments was applied to bring the pH of J-13 water down to 7. 
RESULTS AND DISCUSSION

Neptunium and Uranium Sorption
We studied the sorption of Np(V) and U(VI) onto samples of the three types of tuff in J-13 water (under oxidizing conditions) at the two pH values (7 and 8.5). However, to identify the sorbing minerals in the tuffs, we also studied sorption onto the pure minerals hematite, clinoptilolite, albite, and quartz. The results of all neptunium and uranium batch sorption experiments performed are reported in Appendix A. We found that neptunium and uranium in J-13 water do not sorb onto devitrified and vitric tuffs, albite, and quartz (see Table 5 ).
The initial neptunium concentrations for the data reported in Table 5 ranged from 1 ϫ 10 Ϫ7 to 3 ϫ 10 Ϫ5 M. We used wet-sieved tuffs, albite, and quartz samples with particle sizes in the range from 75 to 500 m. The pretreatment period lasted 2 to 3 days, and the sorption period, 2 to 4 days. Initial uranium concentrations ranged from 8 ϫ 10 Ϫ8 to Liquid scintillation LANL-CST-DP-79 counting 1 ϫ 10 Ϫ4 M, and again, we used wet-sieved tuffs, albite, and quartz samples with particle sizes in the range from 75 to 500 m. The pretreatment period for uranium was 2 to 4 days, and the sorption period, 3 to 4 days. The negative values reported in Table 5 are a result of the analytical error discussed earlier for the case of very little sorption (that is, a small number is obtained as the difference of two large numbers).
For the experimental conditions cited earlier, the sorption of neptunium onto zeolitic tuffs and clinoptilolite appears to be linear in the concentration range from 1 ϫ 10 Ϫ7 to 3 ϫ 10 Ϫ5 M and can be fitted using a K d (see Figs. 4 and 5) . The sorption of neptunium onto zeolites is higher at pH 7 than at pH 8.5, which might be explained by the 7 pH 7 pH 8.5 Figure 4 . Neptunium Sorption onto Clinoptilolite-Rich Tuff. A plot of the concentration, F, of neptunium in the solid phase of the clinoptilolite-rich tuff G4-1510 versus the concentration, C, of neptunium in the solution phase of J-13 well water. The tuff was wet sieved to give particle sizes ranging from 75 to 500 micrometers. The period of pretreatment was 2 to 3 days; the period of sorption was 2 to 4 days. + relative to NpO 2 CO 3 -in J-13 water at pH 7 than at pH 8.5 (Table 2) .
One surprise for neptunium is the relatively small amount of sorption (values of K d ranging from 1.5 to 3 mL/g) compared to the large amount expected for a cation-exchange sorption mechanism in a zeolite with a large cation-exchange capacity (such as clinoptilolite). This result indicates that the sorption mechanism for neptunium onto clinoptilolite is a surface reaction rather than a cation exchange within the cages of the zeolite. One possible explanation is steric: the shape and large size of the neptunyl cation prevents cation exchange. This ion likely has a trans-dioxol configuration normal to a puckered equatorial ring that contains six bound water molecules.
For uranium, under the same conditions, sorption onto zeolitic tuffs and clinoptilolite is nonlinear in the concentration range from 8 ϫ 10 Ϫ8 M to 1 ϫ 10 Ϫ4 M and can be fitted with Freundlich and Langmuir isotherms (Figs. 6 and 7). Nonlinear adsorption isotherms have been reviewed by De Marsily (1986) . The functional forms of the Freundlich and the Langmuir isotherms that relate radionuclide concentration in the solid phase, F, to the radionuclide concentration in the solution phase, C, are given by the following equations:
where K is a constant > 0 and n is a constant Ն 1.
pH 8.5 A log-log plot of the concentration of uranium in the solid phase, F, of the clinoptilolite-rich tuff G4-1510 versus the concentration of uranium in the solution phase, C, of J-13 well water. The tuff was wet sieved to give particle that ranged in size from 75 to 500 micrometers. The period of pretreatment was 2 to 4 days; the period of sorption was 3 to 4 days. The data for a pH of 7 have been fitted with a Langmuir isotherm; the data for a pH of 8.5 have been fitted with a Freundlich isotherm. The mineral was unsieved. The period of pretreatment was 2 to 4 days; the period of sorption was 3 to 4 days. The data for each pH (7 and 8.5) have been fitted with a Langmuir isotherm. For the clinoptilolite-rich zeolitic tuff G4-1510, the scatter in the data makes it impossible to conclude whether there is a significant difference between the experiments performed under a CO 2 overpressure and a pH of 7 or at atmospheric conditions and a pH of 8.5 (Fig. 6) . However, the experiments with pure clinoptilolite indicate that sorption increases with decreasing pH for U(VI) (Fig. 7) , as is the case for Np(V). Because the major constituent of tuff G4-1510 is clinoptilolite, predictions of the K a (K d divided by solid-phase surface area) were made for neptunium and uranium sorption onto this tuff by assuming that clinoptilolite is the only sorbing phase. Inspection of Table 6 indicates that reasonable predictions are obtained with this assumption except in the case of uranium at pH 8.5. In all cases, predictions based on clinoptilolite sorption are conservative.
The sorption of neptunium and uranium onto pure iron oxides (such as hematite) is very large (as shown in Appendix A). For the cases in which a great deal of sorption takes place, the large uncertainties associated with a K d measurement are the result of the uncertainty associated with measuring the small amount of radionuclide concentration left in solution after sorption. Although the measured sorption of neptunium and uranium onto pure hematite is very large, their sorption onto devitrified tuffs, which appear to have traces of hematite (1% Ϯ1), is essentially zero. This result could be due to differences in the surface of pure hematite compared to hematite in tuff. It could also be due to passivation of the hematite surfaces in the tuff by elements (such as the rare earths) that have a higher affinity for hematite than neptunium or uranium and, thus, occupy the sorption sites.
Plutonium Sorption
We studied the sorption of plutonium onto the three types of tuff in J-13 water (under oxidizing conditions) using a CO 2 overpressure (to obtain a pH of 7). To identify the sorbing minerals in the tuffs, we also studied sorption onto the pure minerals hematite, clinoptilolite, albite, and quartz. The results of the batch sorption experiments for plutonium are presented in Appendix A and summarized in Fig. 8 . Because plutonium sorbs onto nongeologic media (see Experimental Procedures section), the batch sorption distribution coefficients reported in Fig. 8 are based on the concentration of plutonium in the control solutions. The affinity of tuffs for plutonium at pH 7 in decreasing order is zeolitic > vitric > devitrified. The affinity of minerals for plutonium in decreasing order is hematite > clinoptilolite > albite > quartz. Inspection of Fig. 8 indicates that plutonium sorption is nonlinear in the concentration range from 6 ϫ 10 Ϫ9 M to 2 ϫ 10 Ϫ7 M.
10 (1993) report that even when a plutonium solution in J-13 water is prepared starting in the Pu(IV) oxidation state, the predominant final oxidation state is Pu(V) (see Table 3 ). The solution used for the plutonium-sorption experiments was prepared from a well-characterized Pu(V) acidic stock. Consequently, it would be reasonable to assume that the plutonium would have remained predominantly in the Pu(V) oxidation state in the J-13 solution used for the sorption studies. Inspection of Fig. 8 indicates that significant plutonium sorption occurred in tuffs and minerals that, on the other hand, exhibit very small sorption of Np(V) and U(VI). This result is very puzzling; if plutonium is predominantly Pu(V) and Pu(VI) in J-13 well water, it is expected that its sorption behavior would have been similar to that observed for Np(V) and U(VI). Several possible explanations (Nitsche et al. 1993 ) of the plutonium sorption results are 1) the data for the plutonium oxidation states are incorrect, and the predominant oxidation state of plutonium in J-13 well water at pH 7 is Pu(IV), not Pu(V) and Pu(VI); 2) plutonium sorbs as Pu(IV) from J-13 water but a re-equilibration in the solution produces more Pu(IV) (which implies that the kinetics of plutonium speciation in solution are fast); and 3) Pu(V) and Pu(VI) reduce to Pu(IV) as a result of changes in the solution redox potential in the presence of the solid phases. Future experiments will address these issues.
SUMMARY
• The sorption of neptunium, uranium, and plutonium onto tuffs and pure minerals in J-13 well water has been studied under oxidizing conditions in the pH range from 7 to 8.5. The tuff types studied were vitric, devitrified, and zeolitic. The minerals studied were clinoptilolite, albite, quartz, and synthetic hematite.
• The sorption of Np(V) and U(VI) in J-13 water onto devitrified and vitric tuffs, albite, and Figure 8 . Plutonium Sorption. The log of the batch sorption distribution coefficient, Log K d , is shown for the sorption of plutonium in J-13 well water at pH 7 and the specified initial plutonium concentrations. All solids, except clinoptilolite, were wet sieved to particle sizes ranging from 75 to 500 micrometers. The periods of pretreatment and sorption were each 3 days.
quartz is essentially zero.
• The sorption of Np(V) onto clinoptilolite-rich zeolitic tuffs and pure clinoptilolite is linear in the concentration range from 1 ϫ 10 Ϫ7 to 3 ϫ 10 Ϫ5 M; it approximately doubles as the pH decreases from 8.5 to 7.
• The sorption of U(VI) onto clinoptilolite-rich zeolitic tuffs and pure clinoptilolite is nonlinear in the concentration range from 8 ϫ 10 Ϫ8 to 1 ϫ 10 Ϫ4 M, and it can be fitted with Freundlich and Langmuir isotherm models. The sorption of U(VI) onto clinoptilolite increases as the pH decreases from 8.5 to 7.
• The minimum sorption of Np(V) and U(VI) onto clinoptilolite-rich zeolitic tuffs can be predicted based on sorption data obtained with pure clinoptilolite.
• Synthetic hematite sorbs neptunium and uranium strongly; however, their sorption onto tuffs with apparent traces of hematite is zero. The iron oxides in the tuffs appear to be inactive. Future experiments will address the reason for this observation.
• Plutonium (initially, in the Pu(V) oxidation state) in J-13 well water sorbs significantly onto tuffs and minerals that exhibit minimal sorption for Np(V) and U(VI). The affinity of tuffs for plutonium in decreasing order is zeolitic > vitric > devitrified; the affinity of minerals for plutonium in decreasing order is hematite > clinoptilolite > albite > quartz.
• Future experiments will address plutonium sorption as a function of oxidation state and bicarbonate-carbonate concentrations in solution.
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Note on Sample IDs in Appendix A
For readability and ease of presentation, the data presented in tables in Appendix A have been consolidated from quality-program-approved and audited electronic notebooks by having repetitive information, including sample IDs, summarized in the subheadings for each series of samples. As a result, there are several minor differences in the sample IDs listed in the tables and those present in the electronic notebooks. These differences are noted below and are recorded in the appropriate binder containing the original data. 
